Abstract: Ten picoseconds (200 kHz) ultrafast laser micro-structuring of piezoelectric substrates including AT-cut quartz, Lithium Niobate and Lithium Tantalate have been studied for the purpose of piezoelectric devices application ranging from surface acoustic wave devices, e.g., bandpass filters, to photonic devices such as optical waveguides and holograms. The study examines the impact of changing several laser parameters on the resulting microstructural shapes and morphology. The micromachining rate has been observed to be strongly dependent on the operating parameters, such as the pulse fluence, the scan speed and the scan number. The results specifically indicate that ablation at low fluence and low speed scan tends to form a U-shaped cross-section, while a V-shaped profile can be obtained by using a high fluence and a high scan speed. The evolution of surface morphology revealed that laser pulses overlap in a range around 93% for both Lithium Niobate (LiNbO3) and Lithium Tantalate (LiTaO3) and 98% for AT-cut quartz can help to achieve optimal residual surface roughness.
Introduction
Transparent materials are particular interesting for microsystems technology. They can be passive materials or active materials, like piezoelectric quartz crystals, as well as piezoelectric and electro-optic/acoustic Lithium Niobate and Lithium Tantalate for actuators and sensors. In general, transparent materials display excellent properties, such as a high transmission from ultraviolet (UV) to infrared (IR) light, a high hardness, excellent thermal properties, a high electrical insulation, and a high thermal and chemical stability. However, it is difficult to etch well-defined structures on such substrates especially to obtain crack-free structures [1] [2] [3] .
The laser processing of transparent materials has been studied extensively [4] [5] [6] . The laser ablation has a number of advantages for micromachining: it is a single-step process with a high flexibility, a direct patterning without a photosensitive resist process, and high etching rates which allow fast prototyping. A variety of lasers can be used for micromachining, from nanosecond lasers to ultrafast lasers, or from IR lasers to UV lasers, depending on the materials to be processed and the desired applications [7] [8] [9] [10] [11] [12] [13] [14] . The transparent material machining with long pulse lasers (pulses longer than the electron-phonon relaxation time) has been very challenging as the laser-induced thermal stresses often leads to micro-cracks. Redeposition of molten material on machined surfaces can be difficult to remove, which significantly reduces the surface quality. With advancement of short lasers, surface as well as sub-surface machining has been the focus of many studies recently [15] [16] [17] [18] [19] . Both picosecond and femtosecond pulses have been demonstrated to be very efficient for high-precision material processes with shape edges and limiting the heat affected zone.
During ultrashort pulse lasers (less than 10 ps), the light is absorbed by the electrons and increases rapidly their energy which may cause nonlinear effects or direct emission of electrons. The material is heated with delay in the order of the electron-phonon relaxation time. This time is material-dependent on the time scale of 0.1-20 ps [20] [21] [22] [23] [24] . Electron-phonon coupling is a driving force in redistribution of absorbed energy, and response of the material might be affected by excitation. Therefore, for a given set of laser parameters, e.g., fluence and wavelength, the pulse duration has a significant effect on micromachining results [25, 26] . The laser radiation with the pulse duration shorter than the characteristic time is desirable for processing with the minimal thermal load to the material. On the other hand, precision of ultra-short laser fabrication is tightly related to the removal of material in small portions. The use of pulses with the duration of a few nanoseconds is well balanced in some cases between the high removal rate, with long pulses, and high quality of ultra-short-pulse fabrication [23] .
In this paper, we investigated the ultraviolet picoseconds laser-induced microstructures via direct writing on the surface of non-conventional materials. The study focuses on piezoelectric substrates including AT-cut quartz (ALPHA-SiO2), Lithium Niobate (LiNbO3) and Lithium Tantalate (LiTaO3) (The most used materials for surface acoustic wave sensors). The study examines the ablation efficiency and the impact of changing several laser operating parameters (scan number, scan speed, and pulse fluence) on the resulting microstructural shapes. The evolution of surface morphology, the residual surface roughness, and the ablation rate under varying conditions are studied and reported. Figure 1 presents the schematic illustration of the experimental setup. The experiments were performed using Coherent Talisker DPSS (Oxford Lasers, Shirley, NY USA) picosecond laser emitting at 355 nm from Oxford Lasers. The typical pulse duration is 10 ps. The pulse repetition rate was set up to 200 kHz and the average laser power to 3 W. The laser beam was scanned over the sample using an optical 2D deflection unit with an integrated focusing unit. The sample was mounted on a XY table, while galvo mirrors were used to control the beam displacement. The UV focal spot diameter is 10 μm. In order to guarantee high machining quality, the focus distance must be readjusted according to each sample thickness to preserve a focalized beam on the sample surface and thus a perpendicular contact between the beam and the sample.
Experimental Section
To determine the effects of laser operating parameters on resulting microstructural shapes and morphology, the desired pattern (rectangular areas of 1 by 1 mm 2 with separated by 1 mm and grooves areas of 0.05 by 1 mm 2 with separated by 0.05 mm) is applied to the substrates by writing adjacent lines with varying laser parameters. The ranges of the operating parameters, including scanning speed, scan number, and pulse fluence are listed in Table 1 . After the laser ablation, the debris is often accumulated on the machined surface and has to be discarded, so that it does not erroneously affect sample analysis or measurements. A mixture of 49% HF and 69% HNO3 solution (Buffered Hydrofluoric acid (BHF)) in the ratio of 5:1 solution can effectively clean the debris. As we can see in Figure 2 , after 10 s in BHF solution the surface roughness of 1 mm 2 rectangle is decreased by 100 nm, independently of the material, compared with surface roughness of substrate without BHF. After 10 s, surface roughness increases linearly with increasing the time in the BHF solution. We can conclude that 10 s is enough to remove the debris without etching the machined surface. Surface morphologies of ablated materials were measured at the bottom of rectangles by using an interferometer (Polytech MSA 500 Micro System Analyzer, Polytec, Irvine, CA, USA). For the rest of the study, all micromachined structures were cleaned by BHF solution for 10 s and then characterized. The materials considered are AT-cut quartz single crystal, X-cut LiNbO3 single crystal, and Y-cut LiTaO3. All of them are a single side polished (500 μm thick) and bought from Roditi International Corporation Ltd. (London, UK.) The optical properties of these materials are presented in Table 2 . , Scan number = 6. Each data point shows the average and standard deviation from 10 measurements. Table 2 . Thermophysical properties of AT-cut quartz, LiNbO3, and LiTaO3 [27, 28] .
Properties (units)
AT The laser machined microstructures were observed with a Nikon optical microscope with CCD camera. Ablated deep material was determined by using an optical surface profiling (DEKTAK 150 Profilometer, Veeco, Plainview, NY, USA). A conventional Scanning Electron Microscope (SEM) (Leo Ultra 55 FEG SEM, Zeiss, Oberkochen, Germany) was also used to inspect the microstructural shapes at higher magnifications.
Results and Discussion

Effects of Scan Number and Scan Speed
The effects of the scan speed and the scan number on the etch rate (ablation depth) and the surface roughness of the three materials are studied in this section. The scan number is defined as the number of times that the laser beam scans the rectangle surface (1 mm 2 ). Six scan speeds are considered (see Table 1 ). The repetition rate and the fluence are fixed at 33 kHz and 0.55 J·cm −2 , respectively. The relationships between the ablation depth, surface roughness, and the scan number for the six scan speeds are plotted in Figure 3 . Each data point shows the average and the standard deviation from 10 measurements. From the data shown in Figure 3a ,c,e, the linear fitting indicated that the ablation depth is essentially proportional to the scan number independently of the scan speed. We believed that the linearity is resulted from the vaporized material that has left the cavity without redeposition. Note that the increment of input energy is linearly proportional to the increment of scan number and that this statement is correct for the range of the parameters presented in the Table 1 . As the focus was not changed during the etching, the effective fluence decreases with the number of scans and the ablation rate should start decreasing (this regime is not visible in Figure 3 ). The scanning speed had a great impact on ablation process efficiency of the three materials. As shown in Figures 3 and 4 , the etch rate of AT-cut quartz is less than LiNbO3 and LiTaO3 for a scan speed higher than 20 mm·s −1 . For LiNbO3 and LiTaO3, the highest etch rate is observed for the scan speed equal to 20 mm·s −1 while residual surface roughness is nearly constant at 500 nm (also for scan speed higher than 20·mm·s −1 ). However, for AT-cut quartz the highest etch rate is seen for 5 mm·s
while residual surface roughness is nearly at 550 nm for the scan speed lower than 10 mm·s −1 .
(I) (II) For a given material, the ablation threshold can depends on the presence of defects in the material [29] . These defects can be created by the exposition to lasers pulses, with fluences lower than the ablation threshold for one pulse. So when overlapping pulses, there can be no ablation but generation of defects in the material (change of the mechanical/chemical properties) which are lowering the ablation threshold. This effect is called incubation effect [30] . The incubation can explain why, as visible on Figure 3 , for AT-cut quartz at speeds higher than 40 mm·s −1 , there is no ablation before a certain number of scans.
Since the threshold values of AT-cut quartz, LiNbO3 and LiTaO3 are relatively high, the ablations of these materials are primarily a thermal or photothermal process. The photothermal process dominates for ablation of ceramics and metals which possess high thresholds [31, 32] . In a photothermal process the absorbed laser energy is converted to lattice vibrational energy (thermal) to melt and vaporize the material. To directly break atomic bonding, the intensity of the laser beam should be higher than a threshold value, which is mainly dependent on the material to be ablated and the wavelength of the laser. At intensities below the ablation threshold, the absorbed energy heats the substrate and raises the substrate temperature higher than its boiling or sublimation point and as a result the material begins to liberate.
Consequently, their associated thermal properties are important in the interpretation of their ablation results. Based on the material properties shown in Table 2 , the melting temperature of AT-cut quartz is relatively high (1740 °C) as compared to LiNbO3 and LiTaO3 (1350 and 1605 °C, respectively), and its thermal conductivity (3.2 W/m·K) is lower than the both (5.6 and 4.6 W/m·K, respectively). Thus, the heat converted by laser energy does not accumulate fast enough to melt AT-cut quartz when increasing the scan speed. Consequently, the etch rate of AT-cut quartz is smaller than the LiNbO3 and LiTaO3 for a scan speeds higher than 20 mm·s −1 . Compared between LiNbO3 and LiTaO3, the thermal conductivity of LiTaO3 is lower than LiNbO3, but it has a higher melting temperature. The combination of these two properties makes Lithium tantalate's etch rate 20% less than the etch rate of LiNbO3. For ultrashort pulse laser micromachining, the pulse overlap is crucial to obtain depth structures with low surface roughness [33] . The pulse overlap is calculated from the following relation:
where υ is the scan speed, 2 ω0 is the focused spot diameter and f is the laser repetition rate. In our case: f = 33 kHz; 2 ω0 = 10 μm. According to data shown in Figure 3 , the optimized pulse overlap for AT-cut quartz is observed at 98%, while for LiNbO3 and LiTaO3 it is seen at 93%.
Effect of Fluence
The relationships between the ablation depth, the surface roughness, and the laser fluence for two scan speeds are plotted in Figure 5 . The fluence is estimated from the measured pulse energy and the focal spot diameter. The scan number is fixed arbitrarily at 5 (number of times that the laser beam scans rectangle surface (0.16 mm × 1 mm)). Each data point shows the average and standard deviation from 10 measurements. The material removal rate was strongly related to the fluence. Once the ablation threshold was exceeded the material removal efficiency began to increase with increasing fluence. The threshold for each material was determined experimentally by measuring the etch rates at various laser fluences (shown in Figure 5a ,c,e). The threshold fluence of At-cut quartz for irradiation at 355 nm is 1.3 J·cm −2 . As can be seen from the data presented in Figure 5a ,c,e), two behaviors were observed depending on scan speed: For AT-cut quartz with low scan speed (5 mm·s −1 ), the laser induced temperature increase at low fluences (below 1.2 J·cm −2 ) does probably not reach the melting point of quartz (the threshold fluence is about 1.3 J·cm −2 ). However, after this value the etch rate is proportional to the fluence. In the case of LiNbO3 and LiTaO3 a sweet spot is found, at which the ablation efficiency reaches its maximum. Above this optimum fluence the efficiency decreases strongly. At low fluences (below 1.8 J·cm −2 ) the etch rate increases linearly with fluences. For higher fluence (starting around 1.8 J·cm −2 ), the etching is significantly inhomogeneous across the rectangles. Un-etched material remains in the center of the rectangles ( Figure 6 ) and tends to be larger in volume as the writing energy increases (Figure 5c ,e). There is a reasonable explication for the ablation decrease. The machined depth and removed volume depend mainly on the amount of energy deposited on the substrate. At low scan speed with a high fluence, laser beam removes a bigger volume of LiNbO3 and LiTaO3 and with a repetition rate of 33 kHz time is insufficient to sputtered the debris removed which can be cooled down and solidified in the rectangle micromachined ( Figure 6 ).
For high scan speed (20 mm·s −1 ), the variation in the etch rate as a function of the applied laser pulse fluence can be distinguished by two different interaction regimes: one is the initial approximate linear increase regime of the etch rate at low fluence, and the other is the trend of the partial or complete saturation regime at a relatively high fluence. After the material surface has absorbed the laser energy, the material will heat, melt, vaporize, and splash so that a variety of mechanisms can generate the phenomena of mass migration, erosions or loss with the linear and non-linear processes [34, 35] . With the increase in the laser fluence, the accumulation of photon energy increases, and the number of free electrons with high temperature from the photons absorbed by multi-photon ionization will also increase. In this manner, material removal will be more important and the etch rate will increase. The saturation regime may arise from the development of the free carrier plasma. Free electrons with high temperature will be produced instantaneously under laser irradiation, the high temperature will transfer heat to the lattice through thermal conductivity, and the bound electron will be stripped of atoms to produce high density plasma with high temperature and high pressure. Then the plasma will quickly break away from the parent material surface in the form of spatter by Coulomb repulsion to achieve the material ablation. With relatively high fluence, the plasma generation is greater. When the plasma density accumulates to a certain critical value, the coulomb repulsion of the interaction with plasma will be difficult to splash out completely, and the plasma becomes highly absorbing, which will create a partial plasma deposit and remain on the material's surface. Then the plasma density generation under high fluence will exceed the critical value and the deposited plasma will gradually make the etch rate tend towards saturation. Figure 5b 
Ablation Trench Shapes
Laser beam strikes a target; the target material is rapidly melted and partially vaporized. In ceramics, the photothermal effect is dominant. If the vaporized elements are continuously bombarded by the subsequent laser beams, their temperatures keep rising and the vaporized elements eventually ionize to plasma. The ionized vapor or plasma can continuously absorb the rest of laser energy and rapidly expand outward, forming plasma pressure waves [30] . The lifetime or duration of plasma state is very short, on the order of pico/femtoseconds [36] , and the plasma waves will not interact with those of subsequent laser pulses because the repetition rate: Concurrently, this high vapor-and ion-pressure build-up can sputter away melted materials to form fine droplets, resulting in small cavities in the target material. The forming of small cavities and sputtering droplets is a major material-removing mechanism in laser ablation.
Rectangular patterns (0.05 by 1 mm 2 ) were made by scanning adjacent lines at a repetition rate of 33 kHz and five scan numbers. Two different scan speeds (5 and 20 mm·s −1 ) and three different fluences (0.61, 1.55, and 3.1 J·cm −2 ) were considered. The three substrates were cleaned after ablation for 10 s using a BHF solution. The relationship between the ablation trench shapes and fluences are presented in Table 3 .
As we can see from and it also slowly transfers to the surroundings due to the low conductivity of ceramic materials. As a result, the central region has a higher temperature than the adjacent regions. The central region that accumulates more energy is sputtered sooner than the adjacent regions, which results in a V-shaped profile since the central region is always ablated first. In contrast, at low scan speed and lower fluences (0.61 and 1.55 J·cm −2 ), the energy accumulates faster and a smaller amount of fluidized substrate is vaporized. Thus, materials are etched more evenly along the periphery of the structure, resulting in a U-shaped profile. Table 3 clearly notes the profile change from U-shaped to V-shaped as the fluence increases from 1.55 to 3.1 J·cm −2 .
Conclusions
A study using a picosecond UV laser to machine microstructures in piezoelectric substrates is presented. The study is focused on AT-cut quartz, Lithium Niobate (LiNbO3) and Lithium Tantalate (LiTaO3). The experimental study examines the ablation rates while varying several major operating parameters. Linear relationships have been identified between the ablation depth and the scan number. A similar relationship is also observed between the ablation depth and pulse fluence. Results have indicated that for LiNbO3 and LiTaO3 the surface roughness (500 nm) of ablated surfaces does not change with the scan speeds higher than 20 mm·s −1 , while for the AT-cut quartz the best roughness (550 nm) is obtained at low speed (less than 10 mm·s −1 ); also, increasing fluence increases the surface roughness and the resulting debris are hard to remove. The best fluence is observed at 1.5 J·cm independently of the materials. It's also found in the present study that ablation at a relatively high fluence (1.55 J·cm −2 and 3.1 J·cm −2 ) tends to form a U-shaped profile for AT-cut quartz at low scan speed (5mm·s −1 ), while an oval shaped. V-shaped is observed at high scan speed (20 mm·s −1 ).
Concerning LiNbO3 and LiTaO3, the U-shaped is also observed for low scan speed (5mm·s −1 ) and at a fluence equal to 1.55 J·cm −2 . For high fluence (between 2.45 and 3.1 J·cm −2 ) inhomogeneous shape is observed. The V-shaped is observed for both materials for high scan speed (20 mm·s −1 ) at high fluence. The present study indicates that picosecond laser can be used to micromachine materials with low thermal conductivity and high melting temperature. According to results obtained, further development in ablating non-conventional materials should be encouraged.
